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Abstract. “Micromorph” tandem solar cells consisting of
a microcrystalline silicon bottom cell and an amorphous sil-
icon top cell are considered as one of the most promising
new thin-film silicon solar-cell concepts. Their promise lies
in the hope of simultaneously achieving high conversion ef-
ficiencies at relatively low manufacturing costs. The concept
was introduced by IMT Neuchâtel, based on the VHF-GD
(very high frequency glow discharge) deposition method. The
key element of the micromorph cell is the hydrogenated mi-
crocrystalline silicon bottom cell that opens new perspectives
for low-temperature thin-film crystalline silicon technology.
According to our present physical understanding microcrys-
talline silicon can be considered to be much more complex
and very different from an ideal isotropic semiconductor.
So far, stabilized efficiencies of about 12% (10:7% indepen-
dently confirmed) could be obtained with micromorph solar
cells. The scope of this paper is to emphasize two aspects: the
first one is the complexity and the variety of microcrystalline
silicon. The second aspect is to point out that the deposition
parameter space is very large and mainly unexploited. Never-
theless, the results obtained are very encouraging and confirm
that the micromorph concept has the potential to come close
to the required performance criteria concerning price and ef-
ficiency.
The justification of worldwide, intensified research on thin-
film solar cells is not based on a lack of success in the
efficiency performance of wafer-based silicon or GaAs tech-
nologies. It is based on a lack of hope in the cost reduction
potential of wafer-based technology. Indeed, in order to ren-
der photovoltaics a competitive energy source in future, it
is imperative to adopt the approach of low-cost solar cells.
However, the abandoning of the “safe” wafer, with its phe-
nomenally high diffusion lengths of hundreds of micrometers,
has so far been, without any exceptions, always accompa-
nied by a significant loss in efficiency. The efficiency drops
down to less than a half, when compared to the record effi-
ciencies of 24% achieved with wafers [1]. Nevertheless, the
attraction of all thin-film concepts is based on the fact that the
(generally expensive) semiconductor can here be deposited
directly on low-cost large-area substrates. Furthermore, in all
thin-film concepts, the cell must not be self-supporting and
its thickness can therefore be chosen based on the absorption
requirements.
Thin-film solar cells based on compound semiconductors
such as CdTe andCu.In;Ga/Se2 (CIGS), have attracted much
attention in the past due to the remarkable work of many
groups [2–4]; silicon-based thin-film solar cells were until
recently exclusively limited to activities related to amorph-
ous silicon (a-Si:H). Amorphous silicon technology has now
achieved an industrial level [5, 6] and is economically com-
petitive, contributing thereby to a reduction of the price per
WP. However, a-Si:H has always been associated with low ef-
ficiencies and with further efficiency losses during operation
due to the Staebler–Wronski effect (SWE). Still, the low de-
position temperature of around 200 C and the application of
the monolithic series connection technique for module manu-
facturing [6, 7] were generally considered as key features in
order to obtain low manufacturing costs.
Polysilicon material deposited at high temperatures by the
CVD process is basically limited by the difficulty in finding
low-cost substrates that have, on one hand, the same thermal
expansion coefficient as silicon, and on the other hand, do
not contaminate the growing layer [8]. Furthermore, CVD or
PECVD processes for the deposition of thin crystalline sili-
con layers will in general lead to layers with gap states and
defects at the grain-boundary zones. These gap states act, as
recombination centers, and, furthermore they screen the in-
ternal electrical field necessary for carrier collection within
p-i-n-type solar cells [9]. In particular, for solar cell appli-
cations, the ratio of collection length to cell thickness (given
by the absorption requirements) must be as large as possible.
Note that due to the many grains and grain boundaries present
in crystalline thin-films this ratio appears at first sight to be
less advantageous for polysilicon than for amorphous silicon;
hereby, the particularly strong absorption of a-Si:H overcom-
pensates the poor electronic quality of this material.
Hydrogenated microcrystalline silicon (µc-Si:H) was
originally introduced by Veprek et al. [10–12] and is nowa-
days generally obtained by a PECVD process using a mixture
of silane and hydrogen. Due to its efficient doping properties,
both for n-type as well as p-type material, µc-Si:H was from
the beginning successfully used as ohmic contact layers in so-
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lar cells and in thin-film transistors. To use microcrystalline
silicon alone as an active absorber layer in solar cells was, due
to the reasons mentioned above, for many years not seriously
taken into account for solar cell applications.
Recently, three different approaches have shown experi-
mentally shown that microcrystalline silicon can indeed be, if
suitably deposited, a very interesting active absorber material
for photovoltaic solar cells:
1. The VHF-GD (very high frequency glow discharge) tech-
nique pioneered by IMT Neuchâtel [13] was the method
which demonstrated for the first time the deposition of en-
tirely microcrystalline cells in p-i-n and inverted n-i-p
structures with reasonable efficiencies at 200 C deposi-
tion temperature [14–21]. Using a p-i-n structure, AM1.5
efficiencies of 8:5% could recently be achieved [20, 21].
A review on the state of the art and the milestones of this
VHF approach forms the objectives of this article.
2. A further successful approach on µc-Si:H-based solar
cells was achieved by the researchers of Kaneka Co.
Ltd. [22]; this group uses a PECVD process at substrate
temperatures of about 500–550 C. Here, cell efficiencies
of 10:1% were recently reported for a 2-µm-thick thin-
film silicon cell.
3. The third approach for µc-Si:H solar cell deposition is
constituted by the catalytic CVD or “hot wire” technique.
However, so far the success here was limited at least as far
as results on solar cells are concerned [23–25].
Thus, the VHF-GD process plays a favorable role in the
deposition of hydrogenated microcrystalline silicon at low
substrate temperatures and this is presumably due to the fol-
lowing reasons:
1. At a given power dissipated into the plasma, the peak-to-
peak voltage at the electrodes is strongly reduced under
VHF conditions, as compared to 13:56 MHz. A lower
peak-to-peak voltage is also an indication of a lower ion
peak energy [26, 27]. In other words, the critical threshold
energy for defect formation in the growing Si-layer due
to bombardment by SiC ions or ionized silane radicals, is
reduced by the use of VHF plasma conditions [28–30].
2. The higher electron density in the VHF plasma causes
both enhanced silane dissociation and higher hydrogen
dissociation; the latter gives rise to an increased atomic
hydrogen exposure of the film surface and, by that, an in-
tensified grain-boundary passivation.
3. The enhanced deposition rate due to the pronounced dis-
sociation of silane allows a reduction of unwanted con-
taminants in the growing film [31–33].
In Sect. 1 of this article are material issues and deposition as-
pects of µc-Si:H summarized. Sect. 2 describes the state of
the art of µc-Si:H single-junction solar cells. Section 3 gives
the present state of research on micromorph tandem cells
in comparison to other low-temperature-deposited crystalline
silicon-based solar cells.
1 Microcrystalline silicon thin films
1.1 Midgap material (intrinsic layers with Fermi level E F at
midgap)
As-deposited intrinsic microcrystalline silicon tends in gen-
eral to have a n-type character. This was already described
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Fig. 1. Correlation between the activation energy of the dark conductivity
and the oxygen concentration in µc-Si:H thin films [15]
by Veprek et al. [34]. The origin of this n-type character
was attributed either to the large amount of defects or to
the large amount of oxygen incorporated in these films [34–
37]. However, by the addition of small quantities of boron
it was possible to compensate this n-type character, and, to
push the Fermi level to midgap [14, 16, 17, 35, 37], achiev-
ing thus, efficiencies of 4:6% in a single-junction p-i-n solar
cell [14]. This technique was called the “microdoping” tech-
nique; it was found to be technically extremely delicate, both
in its reproducibilitywith respect to obtain the desired midgap
character of the material. What is surprising, however, is the
fact, that the addition of further impurities (boron) improves
the efficiency of the solar cell. One therefore has to conclude
that the midgap character of the base material is of primary
importance rather than the concentration of (certain) impuri-
ties. In order to check the origin of the n-type character of
as-grown µc-Si:H, in a further step the oxygen incorporation
was reduced by using a gas purifier during deposition (pu-
rifying technique [15, 31–33]). Thereby, layers with midgap
character could be obtained provided the oxygen contamina-
tion was low; this implies that the formation of defects that
cause a n-type character in the growing µc-Si:H layer is ei-
ther nonexistent or very low (at least forµc-Si:H grown by the
VHF-GD).
Figure 1 summarizes these results [15]: The midgap char-
acter was monitored by measuring the activation energy Eact
of the dark conductivity (for midgap material Eact should be
half of the energy gap). The activation energy could be clearly
linked to the concentration of active oxygen impurities and
also to the efficiency of the solar cells (see also Fig. 6). Thus,
it can be concluded that the midgap character is one of the
key requirements for µc-Si:H absorber layers with respect of
carrier collection of p-i-n solar cell.
1.2 Optical properties
For solar cell applications, as mentioned before, the collec-
tion length (i.e. the carrier drift and=or diffusion lengths) must
be larger than the thickness of the cell (the thickness of the
cell, being in its turn, determined by the penetration depth of
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Fig. 2. Apparent absorption of µc-Si:H in comparison with the absorption
of a-Si:H, of monocrystalline Silicon (c-Si) and of multicrystalline silicon
(mc-Si) [38]
light, particularly for photon energies close to the energy of
the gap). The typical absorption spectrum of microcrystalline
silicon in Fig. 2, as measured both by PDS (photothermal de-
flection spectroscopy) and by CPM (constant photocurrent
method), shows clearly that the optical energy gap ofµc-Si:H
is somewhere around 1 eV. This observation gives rise to the
conclusion that the absorption of microcrystalline silicon is
closer to that of wafer-based c-Si [38] or to that of silicon
on sapphire (SOS) and very different from that of amorphous
silicon (a-Si:H).
VHF-GD-deposited microcrystalline silicon clearly has
an enhanced apparent absorption as compared to wafer-based
silicon or epitaxially grown silicon on sapphire (SOS). An
explanation for this effect was given by Vanecek et al. [39]:
The enhanced apparent absorption of typical VHF-deposited
µc-Si:H layers is mainly due to the scattering of light at
the as-grown “rough” surface of the layers. In a more re-
cent work [40], this scattering effect could be artificially
suppressed by a subsequent film polishing step; the reduced
absorption of polished µc-Si:H thereby obtained is compa-
rable to that of SOS material; thus this experiment can be
considered as the proof that the enhancement of the apparent
absorption is indeed mainly due to surface roughness. Note,
that this surface scattering effect is, in fact, crucial for thin-
film solar cells because an increase in apparent absorption
means that thinner i-layers can be used; this has three ad-
vantages. First, the deposition time of the absorber layer is
reduced. Second, the material input is reduced. Third, a bet-
ter ratio between the collection length and the cell thickness is
established. In other words, a thinner absorber layer has a dir-
ect impact on both cell efficiency and on the fabrication costs.
This fact lets hydrogenated microcrystalline silicon become
the bridge between two technologies: between conventional
crystalline silicon technology and amorphous silicon large-
area thin-film technology.
1.3 Morphology
The preferential columnar growth along the [220] crys-
talline direction could be identified by X-ray diffraction and
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Fig. 3. X-ray diffraction pattern of layers deposited at a fixed dilution ratio
of 7:5% of silane into hydrogen plus silane. At a low VHF power level of 20
W the morphology is amorphous, but at higher VHF power we can clearly
see an onset of crystalline growth, according to [28]
SEM (scanning electron microscopy) investigations [28]. The
morphology of the films in terms of crystalline orientation
could be modified in a wide range, by varying of deposition
parameters, as shown in Fig. 3 for example. In another series
of deposition, at a dilution of 5% silane in hydrogen, the [111]
diffraction peak was found to be completely suppressed [28].
We may conjecture that for solar cell applications the
ideal case would be the total suppression of grain-boundaries
parallel to the substrate. In such a case the detrimental effect
of internal barriers and potential fluctuations [9] which give
rise to enhanced bulk recombination and=or field losses could
be avoided. Looking at such a desired columnar structure and
the results so far obtained, one may suggest that VHF-GD is
a suitable method permitting one to come close to this ideal
case.
Figure 3 demonstrates, that in contrast to amorphous sili-
con, microcrystalline silicon (µc-Si:H) has a wide variety of
possible structural appearances. There is not just a standard
form of µc-Si:H, there is a large field of different forms of
µc-Si:Hmaterials to be explored. Today we are just beginning
to understand the nature of this semiconductor.
1.4 Deposition rate of microcrystalline silicon
In our initial statement it was argued that requirements of
modern thin-film solar-cell concepts have to take into account
economic aspects for device manufacturing rather than only
high-efficiency objectives. Hence, already at the laboratory
stage, a process with a high deposition rate is imperative. The
importance of the deposition rate for µc-Si:H is illustrated
in Fig. 4. Note that a 2-µm-thick µc-Si:H solar cell requires
more than 5 h of deposition time if a conventional glow dis-
charge process at 13:56 MHz is used (rate < 1 Å=s). This is
definitely too long at the throughputs needed for solar cell
manufacturing.
Different processes show promise that very high depo-
sition rates for thin-film crystalline silicon can be achieved:
hot wire experiments revealed deposition rates of crystalline
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Fig. 4. Deposition time for µc-Si:H films in function of the deposition rate.
The dashed region represents the field of interest for photovoltaic applica-
tions [28]
thin-films as high as 37 Å=s [24] under similar conditions
as generally used for PECVD. Other approaches using arc
discharges (plasma torches) also showed high deposition
rates [41]. However, such highly confined plasma discharges
are generally not directly transferable to large-area solar mod-
ule manufacturing. Furthermore so far no solar cells with
rersonable efficiencies (not even small areas) have been ob-
tained at these high rates neither with hot-wire deposition nor
with arc discharges.
Using the VHF-GD technique it is also possible to achieve
high deposition rates for µc-Si:H. In one approach, one can
use of the so-called metastable-quenching effect of argon
in SiH4=H2 plasmas; thus, an additional dissociation chan-
nel can be opened and the deposition rate hereby increased
up to 10 Å=s [42]. More recent experiments were based on
an earlier study by Matsuda et al. [43] who had pointed
out the beneficial role of enhanced plasma power for µc-
Si:H formation. Using this approach, deposition rates upto
16Å=s could be achieved at plasma excitation frequencies
of 130 MHz [28, 44]. The underlying mechanisms are as
follows:
Using a high concentration of silane in hydrogen for the
deposition leads, on one hand, to amorphous silicon growth,
on the other hand, more radicals are also available for the
rapid growth. At sufficiently high plasma power, a phase
transition from a-Si:H to µc-Si:H occurs (Fig. 5a). Hereby,
high-quality µc-Si:H could be obtained at high deposition
rates [18, 28, 44]. Figure 5b shows the ratio of the OES (op-
tical emission spectroscopy) lines of SiH (412 nm) and of
atomic hydrogen at (656 nm) as a function of the dilution
level and of the VHF power [28, 45]. It can clearly be seen,
that the effect of both dilution and of VHF power on the
a-Si:H=µc-Si:H transitions can basically be monitored by the
SiH to H ratio. Apart from high deposition rates, the VHF-
GD process has, in contrast to the above-mentioned depo-
sition techniques, the advantage of being applicable also to
larger substrate sizes of up to 3040 cm [46]. The implemen-
tation of uniform deposition of thin-film silicon by VHF-GD,
onto even larger areas with higher plasma excitation frequen-
cies is an important R&D issue.
Fig. 5. a Deposition rate of µc-Si:H as a function of the applied VHF power
at 7:5% dilution ratio of silane into hydrogen plus silane [18]. b Correlation
between the dilution ratio, the VHF power, and the OES emission-line ratio
with the phase transition from a-Si:H to µc-Si:H [45]. The dilution ratio is
fixed at 7:5% (ratio of silane into hydrogen plus silane)
2 Microcrystalline-silicon-based solar cells
2.1 General statements
In Sect. 1.1 it was pointed out that the midgap character of
the µc-Si:H absorber material constitutes a necessary condi-
tion for obtaining “solar-grade” material. The link between
the detected residual oxygen impurity level in the intrinsic
layer and the spectral response of entirely µc-Si:H p-i-n solar
cells is shown in Fig. 6. High oxygen concentrations give rise
to a loss in the electric field sustaining carrier drift and by that
to an enhanced bulk recombination which can be observed
as an accentuated decrease of the spectral response at long
wavelengths. The techniques proposed in Sect. 1.1 for obtain-
ing midgap material (compensation and purifying) could both
be successfully applied to improve the red-light photocurrent
collection [14–17].
Note that thanks to the smaller bandgap of µc-Si:H when
compared to a-Si:H and due to the enhancement of its “appar-
ent” absorption when compared to monocrystalline-silicon
(c-Si)-based cells, µc-Si:H solar cells can generate, even
at a thickness of 3:5 µm, photocurrent densities of around
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Fig. 6. Comparison of the spectral response (at zero bias voltage) of two en-
tirely µc-Si:H cells: one produced with a feedgas purifier and one without
a purifier. The thickness of both cells is 2:8 µm [15, 17]
Table 1. Best values of the parameters of single-junction µc-Si:H solar cells
obtained so far by IMT Neuchâtel [20, 21]
Quantity Cell 1 Cell 2 Cell 3 Cell 4 Cell 5 Cell 6 Cell 7
=% 7.7 8.3 7.7 8.1 8.5 3.2 4.4
JSC=mA=cm2 25.3 25.2 21.5 23.2 22.9 18.4 17.9
FF=% 67.9 68.2 71.1 68 69.8 30.5 41.8
VOC=mV 448 483 503 512 531 568 592
26 mA=cm2, and this without fully optimized light-trapping.
The best results so far obtained at our at our laboratory
with entirely µc-Si:H-based solar cells are summarized in
Table 1 [20, 21].
The JSC data of Table 1 are consistent with the absorp-
tion measurements of the material (see Fig. 2). Regarding the
open-circuit voltage, one has at present no clear experimen-
tal evidence for what exactly causes either the high values
of close to 600 mV or the low values of 450 mV. The inter-
face passivation techniques that have been carried out, did not
allow us to develop so far a consistent model about the VOC-
limiting mechanisms in µc-Si:H solar cells. Nevertheless, as
Table 1 points out, VOC values as high as 592 are basically
possible. On the other hand, the best fill factor values of about
70% so far obtained (at lower VOC values) are quite satis-
factory. However, the different experiments that have been
carried out until now, could not furnish as yet a sample with
all solar cell parameters being optimized simultaneously.
2.2 Stability
2.2.1 Light-soaking. Entirely microcrystalline-silicon solar
cells are stable under light-soaking conditions [14, 17]. Fig-
ure 7 displays the experimental conditions and the results ob-
tained for µc-Si:H solar cells, in comparison with those for an
amorphous silicon solar cell. Whereas the latter one degrades
under sodium light of 6-sun intensity by about 50%, the µc-
Si:H cell remains completely stable even under 10 suns. This
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is one of the most important aspects of µc-Si:H cells and
µc-Si:H-based cells; it has also its implications for the micro-
morph cells described below.
2.2.2 Chemical stability. Individual µc-Si:H thin films may
show as a function of the deposition conditions a pronounced
post-oxidation [47, 48] that gives rise to an increase in the lat-
eral dark conductivity. However, such an effect could never be
observed in entire solar cells [19]. It can be assumed that the
doped layers in the solar cell configuration protect the intrin-
sic layer of the cell from such post-oxidation. Note, that even
after more than one year of air exposure of µc-Si:H cells no
reduction in cell performance was observed.
3 “Micromorph” solar cells
3.1 General aspects
The combination of an amorphous silicon top cell with a mi-
crocrystalline silicon bottom cell to form a stacked tandem
cell, is called the micromorph cell. In Fig. 8 a SEM cross sec-
tion of a micromorph cell is shown.
The two different gap energies involved in the micro-
morph tandem cell of the top and of the bottom cell make
a striking difference to the well-known double-junction
a-Si:H=a-Si:H tandem cell. The concept of superposing two
a-Si:H cells is based on the reduction in the Staebler–Wronski
effect that can be obtained by keeping each individual i-layer
as thin as possible and not on a better utilization of the solar
spectrum.
In Fig. 9 a comparison of the spectral response curves and
in Fig. 10 of the I−V characteristics of both types of tandem
cells is represented.
Whereas the double-junction concept for a-Si:H cells is
useful for reducing light-induced degradation, one clearly
sees in Fig. 9 that the micromorph tandem cells offer fur-
ther the possibility of better utilization of the sun spectrum
– a possibility that is also realized with a-Si:H=a-SiGe:H
stacked cells, yet to a larger extent, as it is so far not possible
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to obtain low enough band gaps with device-quality amorph-
ous silicon–germanium alloys.
3.2 Stability and state of the art of the cell performance
The stable µc-Si:H bottom cell contributes to a better stabil-
ity of the entire micromorph tandem cell under light-soaking.
It could, in fact, be shown that the light-induced degrada-
tion of the micromorph cell is due to the amorphous top cell
alone [17]. In a first attempt to a further increase in stable ef-
ficiency, one can use a thicker bottom cell that could deliver
an enhanced photocurrent without running itself into stabil-
ity problems. However, due to the required current matching,
the thickness of the top cell must be increased as well, which
leads again to stability problems. Note that despite the fact
that the concept of a micromorph solar cell brings progress
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via a new stable bottom cell into the thin-film silicon scenario,
the stability of the amorphous silicon top cell remains still the
crucial topic.
For enhanced stability of the a-Si:H cell many approaches
have been investigated in the past. The most promising of
them are the use of hydrogen dilution [49–51] and the hot
wire deposition technique [52, 53]. As an example for the use
of such approaches, Table 2 compares two micromorph tan-
dem cells with incorporating hydrogen diluted and undiluted
a-Si:H top cells after 1000 h of light-soaking.
The relative stability of the first type of top cells (H2
dilution) is generally improved, but the reduced absorption
(higher band gap) of such hydrogen-diluted a-Si:H layers lim-
its the photocurrent of the top cell, and by that the current and
the stable efficiency of the entire micromorph tandem cell.
The relative stability of the second type of top cell is gen-
erally worse, but the enhanced absorption (lower band gap)
increases the photocurrent of the entire tandem cell leading to
better absolute stable micromorph cell efficiency.
Table 2 summarizes the best results that were obtained
under outdoor conditions and compares them with measure-
ments performed at an independent calibration laboratory
(ISE-FhG).
Table 2. Parameters of stabilized micromorph tandem cells (1000 h light-
soaked) measured at the ISE-FhG and under outdoor illumination of
93–95 mW=cm2 (clear sky conditions in Neuchâtel at the 9th and 21st
of July 1997). The given JSC values are normalized to 100 mW=cm2 for
comparison
Quantity Tandem cell Aa) Tandem cell Bb)
ISE-FhG Freiburg outdoor at 25 C outdoor at 25 C
JSC=mA=cm2 11.9 12.6 13.5
VOC=V 1.34 1.343 1.284
FF 66.7 66.9 69.2
 =% 10:70:7 11:30:6 12:00:6
a) H2-diluted a-Si:H top, 0:21 µm
b) undiluted a-Si:H top, 0:32 µm
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3.3 Temperature coefficients of micromorph solar cells
For the assessment of new solar-cell concepts a further key
question is: how many kWh per installed Wp can be obtained
by corresponding solar modules throughout the lifetime of
the solar cell (the lifetime can be assumed to be 20 years for
most solar cell concepts). Because most solar modules have
in practice to operate at relatively high temperatures, the tem-
perature coefficient is, beside the cell and module efficiencies,
a key parameter. The temperature coefficients of c-Si (wafer-
based) cells, CIGD [54], and a-Si:H cells are documented.
Investigating the temperature coefficient of µc-Si:H and
micromorph cells one finds, that the temperature coefficient
of the VOC and JSC values are quite similar to those found
in c-Si cells, whereas the temperature coefficients of the fill
factor (FF) are clearly reduced for micromorph and micro-
crystalline cells, in particular for those µc-Si:H cells that have
a high VOC value (> 500 mV), as documented in [20]. In
Figs. 11a,b the temperature behavior of the different solar cell
parameters are normalized to the values measured at 25 C.
Fig. 11a,b. Temperature coefficient normalized to 25 C of the parameters
of micromorph tandem cells in function of cell temperature in compari-
son with those of crystalline and amorphous silicon: a JSC, FF, and VOC;
b Efficiency
Based on Fig. 11b one can conclude that the temperature
coefficient of the micromorph cell efficiency lies between that
of c-Si and that of a-Si:H cells. The relatively low value of
this temperature coefficient make micromorph cells a favor-
able candidate for example for building integration of PV
thin-film solar cells, especially in those cases where no spe-
cial aeration of the facade can be provided to keep the tem-
perature of the cell relatively low.
4 Problems to overcome and outlook
As discussed above, micromorph silicon solar cells are “real”
tandem cells consisting of two absorber materials with two
different gap energies. For all tandem solar cells the so-called
photocurrent matching between top and bottom cell is imper-
ative, in order to get the maximum power out of the cell. For
micromorph cells, however, the difference in gap energies be-
tween top and bottom cells is pronounced, namely about 1 eV
for the µc-Si:H bottom cell and about 1:7 eV for the a-Si:H
top cell. Thus, the current-matching problem appears here
under a different angle.
Due to the difference in gap energies, the power gener-
ation in a micromorph cell is by nature shifted to the amorph-
ous top cell because of the different open-circuit voltages of
the individual cells. Note, the power from the top cell is larger
by the ratio VOC(top)=VOC(bottom) (900 mV=500 mV) than
the power of the bottom cell. This is not an ideal situation be-
cause the top cell suffers from the Staebler–Wronski effect,
whereas the stable bottom cell shares only one third of the
total generated power. In order to achieve further improve-
ments of micromorph solar cells, the following concepts or
combinations of them must be realized:
1. The VOC value of the bottom cell must be made as high as
possible (such optimization, however, is “black art”).
2. An intermediate optical mirror between top and bottom
cell can be implemented (see Fig. 12): this leads to en-
hanced light-trapping for the top cell [55, 56]. The top cell
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is thereby kept thinner (leading to a reduced SWE), but it
can still absorb enough light, thanks to an optical mirror.
3. Basically more stable amorphous silicon top cells should
be obtained – this is as yet an unsolved problem in spite
of intensive research effort.
4. Amorphous=microcrystalline silicon (a-Si:H=µc-Si:H=
µc-Si:H) triple-junction cells can be implemented; hereby,
the current-matching requirements over three individ-
ual cells shift the power generation towards the stable
microcrystalline cells. Such triple-junction cells with
a stable efficiency of 12% have been recently
demonstrated [57].
The second point constitutes a promising new concept; first
results can be seen.
All the above four points are the objective of fur-
ther research work, and they contain in our opinion still
a large space for improvement in stable efficiency. Fig-
ure 13 makes for example some predictions on efficien-
cies of micromorph cells if only the VOC of the bottom
cell is varied. The other solar cell parameters that have
been assumed for Fig. 13, are the following: VOC(top) D
900 mV, total fill factor FF D 73% and a total JSC of
26 mA=cm2.
Figure 13 also summarizes the present state of micro-
crystalline=amorphous silicon tandem cell research activity,
including both VHF-GD-deposited cells as well as plasma de-
position methods carried out at higher temperatures (up to
550 C) [19, 22, 57, 58].
Apart from the conversion efficiency of the solar cells,
obtaining a high deposition rate is another key issue. This
issue will decide whether the micromorph solar cell might
come into a region where its manufacturing becomes cost-
competitive in terms of the production throughput or not; this
question has to be clarified in the early stage of laboratory
work.
Light-trapping is a further important issue for any thin-
film solar concept because it helps to keep the total absorption
of the cell but at reduced absorber thickness. Light-trapping
Fig. 13. Projected efficiencies of single-junction µc-Si:H and micromorph
tandem cells as a function of the VOC of the µc-Si:H bottom cells, assum-
ing a total current of 26 mA=cm2, a fill factor of 73% and a VOC of 900 mV
for the a-Si:H cells (lines). Symbols represent experimentally obtained re-
sults [21]
allows furthermore to reduce the deposition time required
and it improves the ratio between collection length and cell
thickness. All these features are at present far from being op-
timized for the entire micromorph tandem cell and require
further intensified research.
Beside the “classical” micromorph tandem structure there
are yet other multiple-junction solar cell concepts that be-
come interesting to implement with the help of microcrys-
talline silicon. One concept is the triple-junction combination
a-Si:H=a-Ge:H=µc-Si:H. Another one is multiple junctions
connected electrically in parallel rather than in series, as sug-
gested by Green [59]. These concepts open further new possi-
bilities for stimulating research.
5 Conclusions
Microcrystalline silicon is not just an individual new ab-
sorber material for solar cells, it contains a large mor-
phological variety as described by the so-called Thorn-
ton diagram [60, 61]. If one looks at the morphology of
microcrystalline silicon the concept of an ideal isotropic
semiconductor must be abandoned. Nevertheless, by vary-
ing the growth conditions, stable efficiencies of 10% can
be achieved at deposition temperatures around 550 C [22]
and of 8:5% at 200 C [20, 21]. It transpires that the pa-
rameter field for optimization of microcrystalline silicon,
as a function of its deposition conditions (i.e. as a func-
tion of its position in the Thornton diagram) contains
not only one set of parameters, but a large span of pa-
rameters. It is a function of deposition temperature, pres-
sure, gas flows, the presence and nature of the plasma
used for deposition. Photovoltaic research is at the mo-
ment just starting to exploit thin-film crystalline silicon as
an absorber material. Micromorph solar cells improve the
stable efficiency of amorphous solar cells due to a bet-
ter utilization of the solar spectrum; stable efficiencies
of about 12% could be achieved with further potential
for improvement. Nevertheless, laboratory research has al-
ways also to be aware of industrial requirements, and
here the efficiency is only one of the issues. All deposi-
tion methods of thin-film solar cell concepts have to ful-
fill demands for large-area manufacturing at low produc-
tion costs. There is indeed hope that the thin-film micro-
morph solar cell concept described in this paper can con-
stitute a link between high-efficiency silicon solar cells in
form of wafers (that are too expensive) and the poten-
tially low-cost amorphous silicon technology with presently
low efficiencies. On can argue [62] that the micromorph
concept has the potential to become the concept for the
next generation of thin-film solar cells, in view of its po-
tential for high efficiency and low cost. One may also
mention in this context the requirements of high relia-
bility and of reduction in process energy and material
flow.
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